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W. J. O’Neil

‘1’he Galilcw spacmcraflis  nowon its tlIrcc-ycmr  clil’c!ctl’;iilljll-
to-.Tll]]itcr  tralisfcl’  LiajccLoI$y. Jupikrar  rival (1’mlmc]}try)is
scl]cdulcc]  for 2:05 pm I’S’J’, lkcmnlmr  7, 3995, ‘J’}Ic  Galileo
l’roh  will k t)Ic fiI’st  )Iumal]-maclc  ob jec t  to enkr t h e
at,mos])hcrc  of all outer  planet,  while the Ch-bil,cw will lm tJIc
first,  artificial  satdlitco fan outcrplanct,  At\vcJ-ycalJ~l]Jitc!r
orbital mission isplallnccl.

1{’ollowin~  launcl  I OII Oct,obcr  18, 1989, Galileo s]mlIt just Over
three years executing its Vcl)~ls-1’;[irLl)-l’;alLl~  Gravity  Assist
(VJtlI;GA) missio]l })llasc! tc) adlicvc the  l)diclccultric  cIIcr&y
ncccssary  to m a t h  Jupitm. Miclway  thrm I~lI its l’;artJ]-to-
llarth  lc~, o n  Octol.mI’  29, 1991 ,  Galiloc)  became  the first
spaccxraft  to cHIcountcI an astmoicl. Six Inontl)s earlier in
April  I W , the spamcraft’s  l~i~ll-~ain  antcnma (IIGA) failccl  to
CJcploy  propcr]y. g’he special fyiclancc,  navigation, ancl control
(GN&C) IIroblcmIs associated with a 20-InoIItlI  caln])ai~ll  of
mancwvcm to frcw the stuck ank)na ancl successfully pcwfono
tJIc asicroid  cncou]ltcr  without it arc dcscril)ccl. ‘J’l Ic overall
mission and spacecraft. status arc also m])oIhcl,

IN’J’J{OI)UCYJ’ION

(~alilc!o  is now WC]l into its fourlh  year c)f intcrp]anci.ary  flip;llt.  ‘J’]Ic  Ga)ilco  s~jacccrafl,  is
pmforlninp;  beautifully, cxccpt  for its lli[:ll-~ain  antmna  (I IGA), whicl] rmriains  stLIcl{ in a
cummtly u sdcss,  parli  ally clc!ployccl ccn lflp;uration. ‘J’hc 1 ‘rojcct  is now pmpari  nr, tc) CIO the
missiol)  ON the low-~aill  al]tcnlla  (1 GA) whicl] has bc!cm usccl  for virlua]ly  all c{)II~?~l~~l]icaLio])
since launch  (an aft-facins  scconcl  1 GA was II SC:CI occasionally). At, least 70 ]MWCCDL of the
scicmi,if]c  ol)jcxtivcs  can be acl]icwcd  with l,l~c 1,GA incduclinfl  100 percent  of the AtII~osphcYic
Nntry  ]’rohc Mi ssio]i and scwral thou sarlcl  imascs  includi IIC tkc highest rc++olutiol)  in] agys of
tlIc Galilcall  sate llitcs  cwcr }Jlalll)ccl  (Itcf. 1). Some of tJIc GN&.C cl]allcmscs  cxpcnimlccd  to-
clatc  arc t] IC suhjcd  of this paper. ScC }icfcmnccs 2 & 3 for a Co]op]’ollcljsivc  clescli~)tion  of
the Galileo lnissio]), its irlstrw?nmlt,s,  slid illvcsti~t~tic]l]s,

‘J’] 1 II: VJIHK;A ‘J’ltAelJI;C’J’{)]  t>’



laul]cll vchiclo. As seen in l“ip;.  1, tlIc second  ICarth [;ravity assist (II; GA2), 011 lkccIIIl)cI  8,
] {]{)~,  ]~]a~~d ~:~]i]co  01) a t,lll”C!C!  ~CaY “{Ii Id,” t,rajcdory  to J u]jikl’. ‘J’]Jc  entire VJI;lCGA

trajcctmy frcm launch  cm Octobm 18, 1989 tlIIoucII IIXA2 was flawless. l“i[:. 2 SIIOWS the
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location and  ma~nii,uclc  of’ cad) ])m])ulsivc  IIIaI)mIvw”  (also known as t,rajd.ory corrcxtion
Inancwvc!r  or g’c3M).  Note that duc to cxcc!llc!IIt  navi~atio~~  ]mrformancc  ‘J’~hf13  and  ‘J’~h’113
W{!YC IIOL IIcdd. I“i&. 3 prcscmts t]~c lI; aIL1l 2 delivery accuracy  . ‘J’IIc  delivery c!rror of lCSS
t.lIaI~ 1 km allowccl  cancellation of ‘J’Ch41 8, t,l Ic first  post-1’;  art]l 2 pro]mlsivc ma IIcmvor.  A kcy
factor ill the! l’;arlh  2 cldivcny accuracy was l,hc rclativdy IICW data type called Al JOlt (cldt.a
l)iffc!rcnccd (ho-way  l{ange)  whcmin the 1 )ecp Space Nclwork  (1 )SN) compares L1l C
cliffmmcc in the time  of mcci])t at two of its cmnl)lcxcs  of a quasar sig]lal  Willl tl]c diffcrcn]cc

for i,lIc! S] EICC!CrafL  Si[:llal,  allc] t,hI’ou~]I  t,rial]{:ulatio!l  ]Jrc!cisc!]y  dc!icrlnillc!s  ihc ang]e lIc!t,w’u!II
i]lc! Spaccm”afl  ad the know]] c]uasar di?mtiol}.  ‘J’hns, iJl ac]dilion to the ]Ollg-stalldillp,  higll-
pr{!cisiol  I lncasums  of 1 lopplm  and range,  we now llavc Clircxtion  as wd]  for u sc in tile orbit
clctmnil  lal,icm  process. ‘J’hc GOICISLOIIC,  Glifo)’llia  complex  is USCCI with  t.hc Maclrid,  Spain
complm for an “cast-west.” mCasul”cmCliL  and wi Lh &In  bcrJYI,  Australia for a “I”IoI’lh-souL]  1“
II)c!asaml)cmt,
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GASI’l{A I’;NCXJUN’J’lUL

On OciOlw  29, 1 WI, Galilm bcwmc  ihe first s]mcm’.afl to visit an asteroid. Galileo
flCW JHiRL  LhC aStC!l’Oid  ~~aSI>~a at a JX!]at.iVC!  SpCC!C]  Of 8 kJ1)/S. At ClOSC!S~ a}l])~OaC]l  (~:i]i]co  WaS
o]lly ] .5 scc early, 11 kln from tl)c aili-]  poil~t,  ancl only 2 km frmo tlic! planncxl  flyby distallcc
of1600kln.

‘J’])c first,  l~;:lrt.l]-Gravit,y  -Assist  (RGA1 ) on 1 )ccc]nbcr 8, 1990 (1’’i~.  J ), not only “pun~pCc]
up” Gfililc!o’s  hclioc.cntric  orbit  from a period of about  onc year to a period of exactly two
years, hut also “crankccl”  the orbit  tllmup, h all i]lclination  cllall~c to achicw the 4. SCICYI,
cwliptic  inclination requircc] to mad)  Gaspra. ‘J’lIus,  I’;GA1 producccl  the Gaspra  c])countcr.
]l’ip;C  ~ s])o~s L])c ]oCat,jol~s  al~d l,la~J~it,~ldCs  Of t,hc (1 aspm  [l])] JYC)aCll  pl’0])[]1  sivc 1 nal lC!UVCrS.

‘J’JIc fpwatmt, GNz%C cl)allenp,e of an astcroicl  cncountcr  arises from Ll]c larp,c
uncmlaint,y  in t,hc! gl”ouncl-based asteroid c!p]mmc!ris. 1 )imct spacccrafL  ol]scrvaticn[s  of the
tarp,ct  arc required to clcsify  i,hc final  pro]mlsivc  maneuvers and instrummlt  ~Joillt.inp,.
C)rigillEilly,  it was planncxl  to translnit  ahout forty opt,ical  navigation pict.urc!s  juc?iciously
schcdulcd  over the last montl] of a})proacll. Nacll picture would lx transmitted to }Carl}l in
realtime in just, one minut,e over the 11 GA. (Note t]] at illc optical I lavip;atiol  I lmoccssil~p;  is
c]onc on the grouric]  at J] ’],; there is no autononlc)us  onboard  spacecraft  IIavigation
capabil i ty.)  IIccausc  the ll~TA was not, usalllo duc LO its CICPIOYIIICH~~  al”~oll~ah> a ciasI’~a
optical navigation picture coulcl  only bc! c)btaillccl  by first mcordi7 IR- it o?l the tape  rccordcr
ancl tl)cn soqucntially  rc:iclinp, -160 lines (each ljicturc  has 800 ]incs) at a time into t.hc
CClltYal  COlll])LltC~  1)1 C!lll  O~y. ‘J’JIOSC  ]ines were  t,]Icn rcac] OLIt of memory ant] tra]lslnittcd  to
]{:a~[,),  via ~hc 40 bps C1~gil~CC~il~g  c]lal-lllc]---t}lC  }lig]lcst late possible at, t,llC! nc!arly  3 a.U.
s}}acccl$aft-to-l’lartl~  clistancc over the low-~ain antenna (1 GA} into one of the I)SN 70-10
grounc? antminas.  ‘J’bus, it took almut 80 IIours  to obtain one: picture (vs. onc minute  over the
IIGA). l)UC to Lhc overall complexity of this process ancl limited ‘i’O-m trackinc tilnc, tllc
Gaspra  n:ivigation strategy had to hc rcclcsi~riccl  for on] y four pictures. IIowcvcr,  this clrastic
rcduciiol  I in the ] Iumbcr of “op I )av” pictures was larp;c]  y mitiflatm]  by incmmmltall  y slcwin~:
tl)c ca~ncv-a ]datfono  with the slluttm opm I to obtail~  t,ypicall  y five c]ata poilits  (ill stcacl of OI”IC)
]Ic!r pictLlrc.

]n order  to capture hif$ resolution imaflc!s  of (;aSJJRi, s])atial  mosaicking  was mquimd,
as illustr:itcd  in Fig. 4, to cover the f)] Ial approach navigation ullcc,rtail  Aics. Also, elaborate
operations plans  were dcsigyccl  and icstecl  to acljust the pointing  of each mosaic J O hrs
bc!forc cncoLIIItm  basccl o]) the fil lal op nav picture  s] JLlttcwccl  8 days bcfom c!] IccJunt.cr.  1 n
actuality, the trajectory  control was so Roocl  using the fimt three op II:iv pichms  that LIIC late
})oint.il~~  adjustment was IJOL rcquimcl.  At the adjushocnt  clccision  point the kllowloclp,c
accuracy was three times hc!ttcw  than cxpc:ctccl.  ~onscqucmt] y, it was t,l)cll  virtually ccI’Lain
that  Gaspra would k in the ccntcr fraloc  of tkc car]icw  mosaic. l)urin~  planni]lp, for tllc
(i~spra  cncountcr  for t,hc 1,GA it had lmcvi dctcrJninccl, basccl on the forecast navigation
accuracy, tliat many fra]nes  of a lnosaic WOUIC1 l]avc to lm played back to have a rcasollablc
chance of gettin[; the one with  Gaspra  iu it. Accordinp:ly,  the l)lan was to wait  until l’;arth  2
approach over a year ]atw’ to mtu]vl al] tlm frames at the hi@  data ISat,c. IIowcvc!r,  ]Iow that
it was “known” Gaspra  was in Lhc ccntm  frame, 80 l)rs of acldiLional  70-10 I)SN trackinc  was
IIc!p,ot.iatccl to YC~LIH I the fimt-cvm  i] IIW;C of al I astc~oid  tlic SCCOJ~d wc~k afLc~ the C~”ICo~l~ ltC~.
1 n fact, thmup;h  clcvcr manipulations, l,] lc O])crations cl-l~,inccl% fhuncl  the imap;c  in the ccntcr
of t]lC! CCI’ltC~ f~:llOC Zll]d }l]a@ b:iCk t]l(!  COltC~ O1lC-fOLll’th  Of C:ldl Of t]l~ fOL1l’  diff(’1’Cllt  filkl”
cxmtm  fralocs  to obtain the Jirst  and hi~;hcsi  rcsolut)iol]  color ilna~c. Simi]ar]y, tllc hip;]lcst
resolution (black  and w]lit,c)  ilnap,c  was oliaillcd  hy pl:iyins  back p:irLs of two frames of tllc
fil~al, 51 -frame  (sin~-]c-filtm)  ~nosaic wljcn tl]c 40-l)ps  rate }xwalnc available ill hqay 1992.  ‘J’IIc



~as})l’a  c!lIcounk’Y  was ~a]i]co’s  most  imJ>ortallt “illt.er}>l~il)ctary  scimlcc  of opportunity’)
oljccl.ivc.  1{, was a {;rancl success. l{cfcwcnccs  1 , 4, 5, 6, and 7 give mom clctails.

‘1’1 11{;  1 IGA I)IC1’I  ,OYMII;NI° ANOMA1  A’

‘J’ho  IIGA was con~n]anclccl  to clcploy on April 11, 1991. Ii, is IJasically  a ‘J’rackins and l)ata
IMay ~atclliim  (’J’I)l{S)  al~tcnlla,  ‘J’I]c  rdlcctor col)sists of 18 gra}hitc  epoxy ~il)s sup}mrLiIl~,  a
flexildc  gold-platcc]  molybclcmum  wire mesh ili a 4 .8-in -clia, ]~aral)olic-sl~a}~c:cl  clish.  As SCC!II i]]
l“ig. 5, the antmma  is analogous to all invcrlcd  umbrella. 1 h]c to shutt]c  laullcl~  loads and t}lc
shui,tlc’s  payload I)ay cnvclopc, the ribs  and mcsl~ al”c “closed” ap;ainst  the cznl,ral  tower for
launch, l’;ach rib was “tied” t,o t}lc!  tower with  a s})okc tc~lsiol!ecl  to 85 lbs (1{’ip,.  6); the ril~ is
suppor(ccl  l~y a p a i r  o f  “ l o c a t i n g ”  p i n s  inscytec] i]lto rcccpt:iclcs Oli t h e  t,owcr stradclli][g  i t s

spoke. lmmcdiatc]y  afLer launch  Lllc hAral  ltclcasc Mcc))allisln  was fimcl to rc]casc  the 18
spokes. ‘J’l]c  clcp]oymcnt mechanism is a pair of electric motors  which turn a hal]scr(!w,
CEIUSil]g  t]lc! bal]nut  to raise ik attaC]l  CC] carrier rills.  ‘J’l]is action Causes CaCh  of] 8 Jmshr’oc]s,
which conned t}lc ribs  ~,0 the ring,  to push  its ri]) out around  the ril) hinge ])oint 68 clcg, in
ONIW tO scat t]lc rilj On its stop. IIt a norlaal  clcploymcnt t,llc! ribs  unfurl  sy]n]octrica]ly  like
the ]mtals of a flowc~  in about  thrwc minutms, WJmI commanded, Ihc motors  clrcw cxccssivc
cumnlt ancl  stallccl  in just undcw onc minute. ‘J’hc s]~acccl.tlft-sccl~lcl)cc:cl  shutoff backup  cut
off tllc  motors  at cip;llt  ]ninutcs. ‘J’IIcI lIGA dcl)loymcmt  anomaly cliap,llosis  ancl recover.y
at,tcmpts  have required a tmmcn dous cf[or L over t]le,  past two years, including  really totally
unanticipated GN&~  activities.

@

-29 Minules

-; @--

I -35 Minutes

—.

.,,

-16 L4inulcs

r.)



> . . . . 2 $
PL  KMA.WAVE
AN1 E NtiA H

“/
.

LOW.GAIN NIGtl  GAIN ANI t NNA

AN1 ENNA  \
(COMMUNICAIIONSAND 7
FIAOIO,SCKNC[  )

,. l= .

5$P w“ ENE.  RGfllC
?, PAFillCl  ES  DE I LCTOFI

K

w
PLASMA SCILNCE
DUST DL1EC1OR

,-
R[ lt{OPROPULSION  MODULE

mm

\\~.

MAGN[  10Mrl  t FI
SftJsorls

‘!
, “,, ”

AIIOVE : SPUN SF. CIION. . . . . . . . . . . . .,,  ..,!.,.,,  , ., ..!..,.,.  .,,  ,, ..!
DII O W: DESPUN S[ CTION

LOW.GAIN
,AM tNNA

nrG

\

/ ~.
PROFK I \ SCAN PLATFORM, CONTAINING:
R[ LhY JUPI1 t n
AN1 t NNA

. PNOTOPOLAFIIME  lLFI  RAIIIOM[  lkN

AI MOSPtl[  lt[ . NE AR-INF  NAFIE D MAPPING SP[ CIROM[  I LR

fmoriE . SOLID. STATL  IMAGING CAMERA
. UL1  t{ AVIOLF  1 Sr,l  CIft  OM[  It R

RADldlSOl  OPL
TNIFtMOILFCIHIC
GFNE FEATORS  (RI G)

]1’iE.  ba ~k]i]co S]mcccrafl ~ollfrgurat.ioll

/
/“/\/

Y’~” \1 .3crom
/ /

/ , ,065m
/ / ++

V-;;- “iz=-------G$k”””””--”-- “-”-”------”-1$
--- -- -ix

,<~ -SIA

S2B -SIB 40”
40”

I

-lY

,/’ 730n>;J:__,:,,=-..~}4x
2,*@;&--.. 0,103.,-. 2.08n)  - ‘- ‘I -21A

-Z2A -zlll
-220 +Z

(i



N,,, /,5>1 M,ILV

/
MID ram RI  SIF{AIN1

[r

FIIIItiGOIIANIUM)

‘c:
SPOKl&$S.llNG IA[ St{

\
D1lACKE1  (At UMltUJMI

K = - -  - _ ,  _ ,  /<’’”K;;,:;L’

7

.e~

F-  -

ilUM
(l AMINATIOAL)

lp
UPPLH  SIHUCIUII1

LLWAIINL?  t’lN
(l II ANIUM)

\

S-.WI.HW
D[l IUIFDA1 Lr

s DANO FL  E

5UUI, LI  Lt  CIUt[ .
AS5[  MuLY

t L1 11 11(U5.
A5S[  MIILV

RIB/SPOKE
INTERFACE

MOIORS  -

F3ALLSCFKW _

PUStlROD\

RID HINGE _

CAFIF{IE  R RING -
Ml

.CENIRA1 RCIFASF
MLCNANIW

i- >WPLFI  Slfiucluf{f

&-BALL NU1

-I  IUIIASSIMFIIY

STOWED ANTENNA

]1’ig.6  ]]~A~onfifylration

]1) t,hc first ]]OUYS aflc!r tJIc anoma]y,  wlIat  hacl OCCUI-L-CC1  was a srcat myskwy. ‘1’hc Iaost
conlpdling  Cwidcmcc that  at least so]no clcpl  oyJIIcmt had occurrccl came scwcwdi])itous]  y frolo
the sun gate  scmsor. ‘J’he sun p;atc was aclclccl ic) Galileo whcm the VI+;](;GA trajccioly was
selcctccl, which meal lt, t,hat a spacecraft clcsip,l Id t.o opcmte  at solar cli stances from 1 LO 5 a.u.
now also had t,o survive at 0.7 a,u.,  i.c ., at VCIILIS. ]f t.hc! spac!ccraft suffc!rc!c] all attituclc!
allomal y such that the sun movcc] ]norc tl]an a few (preset) clcgrccs off t.hc cclltcrlinc,  tile SUI I
~atc  would autonolnous]y  tri~gcr a  sun acc]uisitio]l. ‘J’l~is action  would C]ISUYC  that, tllc
sunshades WOL1l C1 always protect critical clcmm Its of t]lc spacecraft. No such attitude alioma]y
CVCY OCCU~JTd,  bLl~  ~hC sll  Il gak ]IfIS  ~JCCll illVa]ll:l})]C  ill c]iagl)osill~  fhc IIGA all OIOaly.

]t was IIoticccl  that  t.hc sLln gate sipyla]  Changc!ci  at, the dc])]oyIr]C!Iit  cvc!nt,. 1 )ccp  ~iLl]]s

wc~c occu~]ing at tllc spacecraft spill  frequency. ~lcarly, some part of tllc! IIGA was I~ow
partial]y obscuring the sL]n gate. Another attitude! control fcat,um, the o~lboard  spin-rat,c
c!stimatc?  (SRE), had droppcc]  (from ~,8{]  ]’pm)  by only 0.3mrad/s-  one! - four l , } l  t]]c cll’op
]mcclictc:cl  for a  l~omina]  dcplc)yJnc]lt- indicating  a  l)arLial  dc~jloy]ncl)t.  ‘I’l IC rcwlti)nc
tclcmctry of tllc S1{1{;  showccl  a pyadual clrop throughout, the eight-minute! IIlot,oIs-011 time.
‘J’llis  su~~cst.cd  that  dC!])]OyJllC!l)~  cc)]) ii]luc!c]  t] ImtIp,hcILlt  t h e  c!ip,]lt lninutc!s,  ]cac]illp,  SC)IIIC
~mo~~]c:  to spccu]at,c  t,]lat tllc ] IGA was near full  dC!])]OYJl)()]lt.  al)d II C!  C!  CIC!C] jUS~ [LllOt]l  Cl” tuF’11-on.
IIowcwcr,  the S1{11;  is filtcrccl  ancl sLIhscqLIcmt  clata analysis showccl that, IJlc s])in-rate challg;c
occmrrcd  within I,he first.  minute, collsi  stcmt, with I,l]c tclc!nlctc)’cd  dc!ploymc!nt  motors CUI’I’CII(
rcmc]lir]fi stall value.



IOg, 7 illustraim  tJIc sun p,ai,c olmmratioll. ‘1’ypimlly,  the spacecraft spin axis (wall
within  a clep, rcw of tl]c! spaccmaft  cclllcdilm)  is a fcw dqmcs off tllc sunlillc. ‘J’hc SUII  f@tc is
ho~csigl~td  with Lhc ccntmlinc  (7,-axis).  1 lurinp; cad)  spill  pcrio(l, t,hc sunlinc  haccs out Lllc
conic[il s u r f a c e  shown.  l)urill~ its clcI)loyIncmt, ltil)  //2 “slices” ih]oup,h Lllis  cone. ‘J’hc
dcplo.ymcnt  angle of l{ih //2 clctcnninm the s})acccraft off-sun an~lc where olwcuratioll
begins.  ‘J’]lus,  the ltib  //2 dcployJmcni  an~lc was determined to bc! 35 dc~ by filldill~ the Su]]
al IF;lC for the on SCL of SU1 I p;atc  obscul’atioll.
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1{’i~. 7 Sun G atc Ohsc!rvatiml by Rih +12

Galilc!o is a clual-spin sp:icccraft  (Fip,. 5). It spins about,  the principal  axis-of-inmtia,
wltich is nearly Coi]]ciclcnt  wit J the cc])tlrlinc  P,-axis. ‘J’his  axis is c.allccl the “wobb]c-axis”
si]]cc the spacecraft  wohb]cs  around  it. As lnass  propert ies  c]langc (c. p;., ljropcdlant
C!xp(!nc?itlm>  prolx!  M!lc!asc, cLc, ) the wobble axis ]novcs in tl)c spacecraft fralnc.  ‘J’hc  all~lcs  of’
t.l~c 1{’J’G  booms to the ccmtmlinc arc! pcwioclically  acljusiccl  I)y gI,I’OIII~d command to rcaligll t]~c
wobble axis with tl]c ccntcr]inc.  1 n a process called wobble coml)cl  I sation, data fro]]  I tl lc sLal’-
scan ncw-l)asccl Ccl(:stial-:it.  (itl](lc mfcmllcc  systrm  i] I 11 lc att,ituclc!  co] ltl’ol  computcl’  and t] IC
~.yms  on the dCspUll  scan platfcmn  am used in p,rouncl-bascc]  softwa~cl  to dctcrmixlc ihc
wc)l)blc  axis orientation  in ihc slmcec~afl  frame find to t,hen dcicr~ninc Lhc l{rJ’G-)~OOTI]-:il]  p,lC
adjustmcmts  required to rcali~;ll  the wobb]c tixis. l“ip,.  8 snows the shifti~l  Lllc wol)b]c axis
Clurinf:  the clcploymcmi aticmpt,  which clwi]ly  indicated all :isylnnlctric  dc})loylnc]ltj  ill tllc
dimct.ion of Rib #12.
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]nit,ia]]y  it was thought that the IIGA dcp]oycd  sy]n]nctrica]ly  for at, least a lJClrL of the
iimo lmforc stiall  and that all ribs  wcm free of t,hc tovwr. ‘J’hc!rc was co~}jccture that, illcipimt
galling in tile ball scrcw had caused the stall. } lowcwcr, analysis of motors-current tclcmctry
indicated that the ball screw complcie.d 5.1 t.urlls  before stall (full cleploymcnt rcc]uiros  2,6
turns). Without the GN&C data there would have been no clue the 1 IGA was asym~nctrical]y
clcploycd,  ‘1’he cGN&~ data, in conjunction with the motors  currcnl, data, ICC]  to the conclusion
that  several  ribs opposik  Rih #12 am very ]ikcly  stuck to t]~c! tower.

Ground  tests  011 the flip;l~t,-idmtical  spare lIGA at J]’], in t,hc su]nmcr  of 19(JJ
cxmnti  ally m atchccl  the flight  sipylatums. ‘J’ying three or four adjacent ribs to the tower
msultcd  in stall in just less than one! minute  at just, over 5 ball scrc:w turns  with the opposite
rib clcployc!d 3EJ deg. q’hc “stuck” rib pushrocls hold that siclc of tl~c clcploymmt  Cal’J’i(!J’  rin~
down, causing the camicw  ring to tilt as tllc  carrier huh  (hall Ilut) rims 011 t}lc  turnillR
bal]SCI’CW. ‘J’hc ]arge bc!nc]iRg  moment t,hc!rc!by  app]icd to t]lc ha]] Scrc!w aCLS as a torcJuc! brake,
which cwcmtually  stalls t,hc clrivc motors.

It was also conc]udccl  that tl)e lnost likely reason  the ribs woulcl he stuck to tl)c tower
was 10ss of the lubrication on tllc! locating ~jins (1~’ip;. 6) causin?;  the pins to “stick” in f,?lcir
receptacles- (sew ltcf. 7 for clctails).  IWcmtually,  clctailed analytical moclclin,g  sup,[:cstccl  it
lilight.  k! possib]c! to “walk” the! pills out of their H!ccptac]cs by pum])ill~  the tower up allci
clown by thcmal expansion and contraction), since the p,raphite cpoxY ribs havo a ncglig,ible
cocffi cicnt  of tl]crm al cxpalision comJJared to the tower. ‘J’hc very first  theory  had sLIgI;gEX+Lc!c]
that  just cxpanclin~:  tile  towc:r mi~llt  frcw ilIc p in s ; tllc!  ncxl tll(!ory JWOpOSCd  Lllat  o n l y
contraction would work. 1 n all mscs, major  spacc!crafl  tu rJ”Is of(’ sun]inc  were  iln])lc]ilc]~tcd.

Vifi. f) S}IOWS  that  fjvc3  warlliil)~  turJ)s  aIId  SCVCJI cooli]]g turns w e r e  ])crforlllcd.  Warmill[:
turns  were 45 clcg off sunlinc;  coolin[:  t,urlls 165 dq;  off sulllinc.
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‘J’hc warming and cooling turlis wmc! ]J~rfo~ii]d  using the S~J’IJRN (spacccrafl  incrlial
turn) “activity”. ‘J’llc spaccmafl  is placccl  in I,llc  clual-sl)in  mocle  so the gyros on tllc clcspun
(“st,ator”)  side can be usccl  LO “track” the! rc-oricvltat,ion  of the spacecraft spill  axis (the
ccmtcrline  or “rotor” axis). ‘J’he spun side (rot, or) roll position is t,rackecl  through 1,1’)1)
cncoclcm bctwcxm  the spun and  clcwLIn  sections. q’hc attitude control  computer pul scs the 1‘-
thru stcm  (1’’ig. 5) once each spacecraft revolution to apply a t,orque coup]c that, turns  the
spacecraft angular momentum vector  about  onc clcgrcc toward the Jtcw desired spill axis
clircction  in space. ‘J’hc moIIIcmtLIm vcclor  is thus steppccl  csscmtially alons  a great circ]c to
the dc!sircd  direction with the spacc!crafl  spill axis prc!ccssing  in sma]] co]lc!s  (-1 dcg) about
each instantaneous momentum vector. ‘J’hc dcsirccl  climction  is commanded as the ILM1’;50
ri~])t ascension and clcc]inat,ion  of tllc s])acccrafl  + ~, axis. Following each w~arlninc or coo]inp;
activity the spacecraft was returnee] to “SUI) }Joillt” by commanding a stallclarcl sun
acquisition. in sun acquisition tllc l’-thrustcm  arc pulsed an exactly prcscribccl  fraction of
the! spin period aflcr c!ach “SUII pulse!” sc!cm by the! su]~-accluisitioll  Scllscm.  ‘J’his  steps  t,hc!
momcmtum vector  ancl spin axis back to sun pc)int  alo]lg a great circle. Sun acquisition) is
t e r m i n a t e d  when  the angle  bciwcwn spacc!crafl -Z ancl  the sunlinc  is rccluccd  !,CI a s)nall
prcscrilmcl  value of typically a fc!w Clcgrccs.

I )urin~ t]){! first two years  of flipjlt, SUII  acquisitions were dollc to witllill  about,  a CICXYWC
of sunli)lc.  Whcvl planninfi  the 1 )ccc)nlmr  1 ~J91 coc)]il~~  turn it was clctcrmined  that “sL~?t
stars” were not avail ab]c;  i.c:., whc?]~ the spacc!crafl  pointc!c]  within a clcgrcw of sunlinc,  an
aclc.quatc sc.t of threw stars would not  I)c avail aI)lc withi~] t}le star scalll]cr’s  ficlcl of view.
Good stars arc rcquircc]  for cclcstial  attitude rcfmcnlcc,  wl]ic}j is prc!rcquisitc to turnins  Lhc
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spacecraft. It, WOUIC1 be ncccssary i,o wait, over a month unt,il l,hc trajccLol’y  rotated the
sunlinc  to a “sun sl,ars’’-available oricnt,ation  al]cl  then  a sun acquisition would cmablc  m-
cstahlisl]in~  cclc!stial  rcfcmncc wi th  stars. ‘1’his })roblcIn was  avoiclcd I)Y sclcctill~ t h e
SIJXKWYJf~ off-sun tLlrn  ~-J>Cat circle and suJl accluisitiol]  thmsl]o]cl  angles  of 5 to ‘/ dcp, rcc!s
SLIC]] thats tars wouldbc  avail ab]c! at, tllc SLIIJ  acquisition  icrminat,ion  attitmdc.

]4’()]$ &CJc]]  Wa]GJnin&  anC? coo]ilj~  LLI]’1),  t,])C!  fll’s{,  illdi(!aii[m o f  a  ]’i}l ]’~!]C[isc  wo~l]d  he a
changcin  I,})c  sun gat.c obscuration followingsull  acquisition. A rib rclcasc  would rcducct,he
form ho]ding down the ONC side of I,hc carrier rinp;  thereby rcducins its tilt ant] ]{i]) #1~ WOLIIC]
bc clrawn inboarcl a  fcw clcp;rccs. q’bus, the! SLlli  p;atc C]aia was a]ways  awaitmc]  with
ant,icipatio]l  and vic!wcd  with  disa}j]~oiI~i]~~cl~t.  ll;vcl~lmally  it bccamc  apparm)t  there was 110
reasoItab]c  c) IaJIcc! that  thcr~na]  cyc]infl  of the IIGA would frc!(! the ri])s. q’l Ic! cyc)ill~{ Calnpaign
was abal)cloncd  aflcr  i,hc seventh cycle ill JLlly 1992. l’;ach cycle! rcquimcl a lar~c cfforl by the
1~’li~llt  q’eam in spacecraft thermal, powc!r,  fault protect ion, al~cl colllljlllllicatiolls
)nanagcmcnt  as W C]] as GN&~.  l’;ach cycle consurncd 6 kg of ]mopcl][int,  rc!ducinc the mc]-of -
mission propellant margin  (l’M) I)y 4 k~, ancl  p]accd anoihcr  unclcwiraldc  I,llc!rmal  cycle o])
some critical clcct,ronics.

Stuck  pins remain the leading sLIspcct  but other  mcc]]anisms  cannot bc ruled  OLlt.
ICar]y in 1992 tinting of l,hc fligl]t spare  llGA S} IOWCC1 that  tl]c bal]scrcw  cou]d probab]y be
rotated another 1.5 turns  past the prcscmt stal] position by pulsing th(! motors  o] I and off
(]tcf. ] ) about  onc thousancl  times. q’llis  would dou]dc  t])o force in t]lc most ]oac]cc] pushrod
and  perhaps overpower whatever was rcstraiIling  that rib. l’ulsi I]g the motors is callecl
“]lammcring” l,hc ba]]scrcw. If OIIC rib could bc frecc], coni,inucd  hanlmc!ri]”lg  was an cxccllmt
prospect to free the remaining stuck ribs lmcausc  cvm hig’hc!r pushrod  forces would lx!
dcvclopcd with fewer st,uck ribs. lncrcasil]~  the tcmpcraturc  of the deployment mechanism
would increase the hammering torque  pri]narily  by reducing the viscosity in the gear  train
lubricant.

Addit ional ly it was important to cxpancl  the lIGA central towc!r to the maxilnum
possib]c lcmglh before incrcasins  the: cl@oyJncnt  forces. llccause  Galileo was 1.3 au. from
I,hc! sun at the dcploymc!nt  attempt. and fa?’thcr ever sil lcc!, t]lc! tower  has }M!J1  s]lorler (co]c]c!r)
tl)an  at asscmb]y,  even during  warm turns.  IL was sugp;cstcc]  that perhaps the ribs woulcl
release simply by restoring l,hc! tower  to assembly lcJIgL1l.

q’he iclcal  time for hammering the hallscrcw  WOLIIC1 Im aflcn’  ]’;arlh 2 c]lcou]ltcr aTicl
shorlly aft,er perihc]ion,  namely, in car]y  January 1 {)93 at 1.0 a.LI. so]ar distance. Warminc
tLIJ’I1S would h I’cc]uircd to cxtcl~d  the! tower and warja  the c]c!ployJncnt  locchallism.  (J])cc
ap;ain  there was a great irony-- t,hcrc were  I~o sun stars in January 1993. As described
C!ar]ic!r,  WaJ’Jllill~  turns ant] sLln acquisitions s]ight]y off-sun coLlld be c]c!signc!c]  to jockey the
spacecraft lmtwccn “stars-available” attitudes and sun acquisitions coulcl  k. inhibitc!cl  whml
at the desired at,Litudc!s. ]] owcvcr, in the cwcl~t  of an attitude anoloa]y or certain other faults,
SLIII acqui  sitiol~--  -the standard fault protc!ction  response  WOLI]C]  put Galileo in a “llO-S~al’S”
ai,Litudc.  Wamlillg  turns WOUIC1 thmi bc ]JYCC]Lld Cd ant] the bcs~ opportunity for frccinc  t]]c
] IGA wou]d bc forever lost. ‘J’o protect acainst  this hi@ly  unlikc]y  bLJ~  unacceptab]c  situation
an ‘(open-loop” turns  capability was dcvc]opccl. ‘J’hc ~o]nnlallcl  ancl  IJata  Subsystcm  (~1 )S)
would bc programmed (an uplinkcd  mil~i-scqucncc) to pu] sc the 1 ‘-thru stcrs a prcscril.mcl
nul nbcw of times at a ]Ircscriljccl  frequency com]lutcc?  on I,hc ground to Inatcll  tl~c spin pcrioc].
‘1’hc pLIl sc count would dctc!rmil  IC! the! ofi-sLIn  anp;]e  achicvcd,  typically 30 CIC!R. ‘J’h(! Spacecraft,
inertia ratios (spin/travcme)  arc such that t.llc III OInCIItLIJn vc!ctor and prcccssinc  s})il] axis
WOLIIC]  stay adequately C1OSC to a great circ]c t, LIrJI. A sL~l~-acc]Llisit,iol~  would bc ]K!rfOrJllCd to
witllil]  one dcypm of sunlil)c. ~’hc opt]]-loo]) tLIr  JI would tl)cn be initiatc!d  and l)rocccd  alonr, a
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rancloInly  cstablishml  great circle froxll sunpoint to the clcsirecl  off-su~l anp,]c  (thcw  woulcl lx:
no atimnpt to time ihe first ]mlsc Lo a ~ivcm roll position lmcausc this  maclc Lllc fligllt/gIounc]
interaction  much more  complex without ]Icccssity). After  the hammering scssioll, a sul I-
acquisition woulcl return Galileo to sullpoillt. Any ]~umbcr of open-]oop warlninr; tur]]s  could
hc pcrforlnccl in t h i s  )nanllcr. As it t.uJIIccl out, the spacecraft ]Jcn”forlnccl  all tllc IIGA
activities ill lat.c IJcccmbcr  1992 a~lcl  Jm)uar.y 1993 flawlessly so the opcm-]oop  tLIrJ~s  wcm ]]ot
rcquircc].  ‘1’}lc h a m m e r i n g  clicl  aclvancc the bal]scrcw  to 6.4 to 6.6 turns,  incrcasill~  t,hc
clcploymcnt  forces as plaIII~c!cl, but very unforlunatc!ly,  IIC) ribs  were  releasccl.  ~un Rate
analysis  shows ltib  #/2 is now -43 clcg clcqdoycd,  which corroborates this ballscrcw acivancc.
‘J’here is no loI~gcr any  significant  ]Jrospect  of dcployins  the Galileo }] GA. ~’llc mission is
procccclinc  with  the low-gail~  antenna mis s ion  aIlcl  at least 70 pcrceIlt  of tlIc scicmcc
objc!ctivcs  wi l l  bc sat.isficcl. q’hc cr]t,ircty of the atmospheric probe mission will be
accomplished and thousands of the most stunllinc  Jul)it,cw  satellite  images ever plall?lcc]  will
still be acquired (SCC ltcf. 1).

in closillR,  t,hcrc are a few, final (;N&~  notes. TIIC usc of tllc 10-N hwsters  aml/or the
400-N main engine  to clyna]nically c!xcitc  the IIGA to rclcasc the ribs was exhaustively
ana]yzcd  ill 1991. ]Iccausc  the ribs arc vcr.y li[:lli.wcigl]t  ancl tl)c spacc!crafl  is cxtrcmc]y
st,ablc and well-c]ampccl, no significant clcp]oymcnt,  forces can bc induced in this manner
(Rc!f. 8). Moreover> wile] gyrations WOLIIC1 break the magJ~ctomclcr  boom; the boom is
al)solutc]y  essential for spaccm-aft stability. A “hi~ll-spil)” of ] () ~JJIIl  is ~CqUil’CC]  fOJ’ prOk!
release and 400-N engine lmr Ils. Analysis shows high spin will rcclucc dcploynlcn~  force
lmcausc  of the asymmetric state of the I] GA. Noncthc]css,  Galileo will bc ‘[spun-up>’ to 10
rpm on March 11, 1993 to bc ccniain this will not help.
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